Adiabatic rotating frame relaxation of MRI reveals early cartilage degeneration in a rabbit model of anterior cruciate ligament transection  by Rautiainen, J. et al.
Osteoarthritis and Cartilage 22 (2014) 1444e1452Adiabatic rotating frame relaxation of MRI reveals early cartilage
degeneration in a rabbit model of anterior cruciate ligament
transection
J. Rautiainen yzzz*, M.J. Nissi yxk, T. Liimatainen{, W. Herzog#, R.K. Korhonen y,
M.T. Nieminen zyy
yDepartment of Applied Physics, University of Eastern Finland, Kuopio, Finland
zDepartment of Diagnostic Radiology, University of Oulu, Oulu, Finland
xCenter for Magnetic Resonance Research, Department of Radiology, University of Minnesota, Minneapolis, MN, United States
kDepartment of Orthopaedic Surgery, University of Minnesota, Minneapolis, MN, United States
{A.I. Virtanen Institute for Molecular Sciences, University of Eastern Finland, Kuopio, Finland
#Human Performance Laboratory, Faculty of Kinesiology, University of Calgary, Calgary, AB, Canada
yyDepartment of Diagnostic Radiology, Oulu University Hospital, Oulu, Finland
zzMedical Research Center Oulu, University of Oulu, Oulu, Finlanda r t i c l e i n f o
Article history:
Received 27 November 2013
Accepted 23 April 2014
Keywords:
MRI
Articular cartilage
Osteoarthritis
Rabbit model
ACLT* Address correspondence and reprint requests to:
Applied Physics, University of Eastern Finland, P.O.
Finland. Tel: 358-40-355-3725; Fax: 358-17-16-2585.
E-mail addresses: jari.rautiainen@uef.ﬁ (J. Rauti
(M.J. Nissi), timo.liimatainen@uef.ﬁ (T. Liimatain
(W. Herzog), rami.korhonen@uef.ﬁ (R.K. Korhone
(M.T. Nieminen).
http://dx.doi.org/10.1016/j.joca.2014.04.023
1063-4584/ 2014 Osteoarthritis Research Society Ins u m m a r y
Objective: To investigate the sensitivity of seven quantitative magnetic resonance imaging (MRI) pa-
rameters (adiabatic T1r, adiabatic T2r, continuous wave (CW) T1r, relaxation along a ﬁctitious ﬁeld (RAFF),
T2 measured with adiabatic double echo (DE) and CarrePurcelleMeiboomeGill (CPMG) sequence, and T1
during off-resonance saturation [magnetization transfer (MT)]) to detect early osteoarthritic changes in a
rabbit model of anterior cruciate ligament transection (ACLT).
Methods: ACLT was unilaterally induced in the knees of New Zealand White rabbits (n ¼ 8) while
contralateral joints served as controls. Femoral condyles of the joints were harvested 4 weeks post-ACLT.
MRI was performed at 9.4 T. For reference, quantitative histology, Mankin grading and biomechanical
measurements were conducted.
Results: Reference methods demonstrated early, superﬁcial cartilage degeneration in the ACLT group,
including signiﬁcant loss of proteoglycans in both medial and lateral compartments, increased collagen
ﬁbril anisotropy in the lateral condyle and decreased biomechanical properties at both medial and lateral
compartments. CW-T1r was prolonged in the lateral compartment of ACLT joints while adiabatic T1r and
T2r detected degenerative changes in tissue in both lateral and medial condyles (P < 0.05). DE-T2 was
signiﬁcantly (P < 0.05) elevated only in the lateral compartment while CPMG-T2, MT or RAFF did not
show a statistically signiﬁcant difference between the groups.
Conclusions: Adiabatic T1r and T2r relaxation times detected most sensitively early degenerative changes
in cartilage 4 weeks post-ACLT in a rabbit model.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Injury to the anterior cruciate ligament (ACL) is common and is
often followed by a gradual development of osteoarthritis (OA)1e4.J. Rautiainen, Department of
Box 1627, FI-70211 Kuopio,
ainen), nissi@cmrr.umn.edu
en), walter@kin.ucalgary.ca
n), miika.nieminen@oulu.ﬁ
ternational. Published by Elsevier LAnimal models with ACL transection (ACLT) have been used in
experimental studies5e7 for investigation of early osteoarthritic
changes in cartilage, which include typically progressive loss of
proteoglycans (PGs), increased water content and collagen disor-
ganization8,9. Standard clinical magnetic resonance (MR) imaging
or radiographic techniques suffer from poor sensitivity to detect
early biochemical cartilage degeneration prior to gross morpho-
logical changes10, warranting new more sensitive biomarkers.
Quantitative MR imaging techniques offer non-invasive probes
for the composition and function of cartilage10,11. T2 relaxation time
has been linked to tissue hydration and integrity of the collagentd. All rights reserved.
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transfer (MT) experiments contrast is created through off-
resonance saturation of the macromolecular water pool, which
reduces the free water signal. In cartilage MT has been generally
linked to the collagenmacromolecules although PGs have also been
suggested to have a minor contribution14e16.
MR imaging parameters in the rotating frame of reference (RFR)
allow studying very low frequency molecular motions, typically
associated with large macromolecules17, such as PG and collagen. The
longitudinal relaxation time constant in the rotating frame (T1r) has
been reported to be sensitive to PG content in cartilage17,18. Mea-
surement of T1r is possible with a continuous wave (CW) spin-lock
technique which is typically used in clinical studies, or by using a
train of adiabatic hyperbolic secant (HSn) pulses19,20. The transverse
relaxation component in the rotating frame (T2r) has also been
introduced as a potential biomarker for biological systems21. Relaxa-
tion along a ﬁctitious ﬁeld (RAFF) is a recent RFR technique probing
molecularmotion inadoubly rotating frame22, particularly interesting
because of its low speciﬁc absorption rate (SAR) properties. Presently,
there is only one report demonstrating both the use and usefulness of
adiabatic T1r and RAFF in articular cartilage, using an enzymatic
degradationmodel to createPG loss inbovinearticularcartilage23.One
signiﬁcant advantage of the adiabatic pulses is their insensitivity to B1
and also, to some extent, B0 inhomogeneities and better inversion
uniformity, thereby improving clinical applicability24,25.
The aim of this study was to investigate the sensitivity of
quantitative MR imaging techniques (adiabatic T1r, adiabatic T2r,
CW-T1r, RAFF, T2 measured with adiabatic double echo (DE) and
CarrePurcelleMeiboomeGill (CPMG), and T1 during off-resonance
saturation (MT experiment)) to detect early OA changes in a rabbit
model of ACLT. The hypothesis of the study was that early OA-like
changes in cartilage 4 weeks after ACLT are detected with RFR
techniques, more sensitively than conventional T2-mapping or MT
owing to high sensitivity to slow macromolecular motion.
Materials and methods
Sample preparation and handling
Unilateral ACLT26 was induced in the left knee of skeletally
mature female New Zealand White rabbits (Oryctolagus cuniculus,
age 14 months, n ¼ 8) under general anesthesia. The contralateral
(CTRL) joints were used as a non-transected control group. After
the ACLT, the animals were ﬂoor penned on straw bedding and
were allowed to move freely within a space of 1.5  1.5 m2. ACL
transected and CTRL joints were harvested and frozen 4 weeks
after the induction of ACLT. The animals were euthanized using an
intravenous injection of sodium pentobarbital. Prior to sample
preparation, the specimens were thawed to room temperature.
The distal ends of the femurs including femoral condyles were
separated from the joints using a circular saw and immersed in
phosphate-buffered saline for further investigation. First theTable I
Measurement parameters for the magnetization preparation block for different contrasts
passage (90 ﬂip), FSE ¼ fast spin echo, TE ¼ time-to-echo, TR ¼ time-to-repetition
Contrast Preparation parameters
Adiabatic T1r *Train of 0, 4, 8, 12 and 24 HS1-AFP pulses, pulse
Adiabatic T2r AFP pulse train* between AHP pulses, pulse dura
CW-T1r Train of 0, 10, 20, 40, 80 and 160 ms CW spin-lo
RAFF Train of 0, 2, 4 and 6 RAFF pulses, pulse duration
Adiabatic DE-T2 Two HS1-AFP pulses between AHP pulses, TE ¼ 4
CPMG-T2 Train of hard 180 pulses between hard 90 puls
pulse duration 115 ms, inter-pulse delay ¼ 1 ms
T1 saturation 0.1, 0.3, 0.8, 2.0 and 4.0 s off-resonance irradiatio
Asterisk indicates the AFP pulse train embedded between AHP pulses. It is the same forsamples underwent biomechanical indentation testing which was
followed by the MR imaging protocol. Before MR imaging, the
samples were allowed to stabilize for 1 h. Finally, the samples
were processed for histological investigations. The animal exper-
iments were carried out according to the guidelines of the Cana-
dian Council on Animal Care and were approved by the committee
on Animal Ethics at the University of Calgary.
Magnetic resonance imaging (MRI)
MR imagingwas performed at 9.4 Tat room temperature (Oxford
400NMRverticalmagnet, Oxford Instruments Plc.,Witney, UK)with
a 19 mm quadrature RF volume transceiver (RAPID Biomedical
GmbH, Rimpar, Germany) and Varian DirectDrive console (Varian
Inc., Palo Alto, CA, USA). Before MR imaging, the samples were
immersed inperﬂuoropolyether inside a Teﬂon test tube tominimize
magnetic susceptibility effects due to tissueeair interfaces and to
provide a 1H signal-free background. The cartilage surface in the
weight-bearing region was placed parallel to the B0 ﬁeld in each
specimen. The selected MR imaging parameters were measured
using a global magnetization preparation block followed by a multi-
slice fast spin echo readout (TR ¼ 5 s, echo train length (ETL) ¼ 4,
TEeff¼ 5ms, 256 128matrix size, slice thickness 1mm and ﬁeld of
view (FOV) of 16  16 mm). The measured techniques were (1)
adiabatic T1r19, (2) adiabatic T2r21, (3) CW-T1r20, (4) RAFF22, (5)
inversion-prepared MT experiment measuring T1 during off-
resonance saturation (T1sat)27, (6) adiabatic DE-T2 and (7) CPMG-T2.
Table I summarizes the measurement parameters for different
techniques. Two 1-mm thick slices were positioned median to the
lateral and medial condyles, respectively, covering the sites of the
biomechanical testing (Fig. 1). Resolution over the depth of the
cartilage in each slice was 62.5 mm for all the techniques. Relaxation
timemapswere calculated inMATLABusingmono-exponential two-
parameter ﬁtting on a pixel-by-pixel basis for T2r, T2 and T1r mea-
surements; and three-parameter mono-exponential ﬁtting with
steady-state for RAFF22 and inversion-prepared MT26. Three-
millimeter wide full-thickness regions of interest (ROI) were drawn
onto cartilage excluding the subchondral bone, usingAedes software
(http://aedes.uef.ﬁ) at the site of biomechanical testing (Fig.1), in the
load-bearing area in both slices for determination of quantitative
mean standard deviation (SD) values for each parameter. The full-
thickness cartilage ROI was further split into superﬁcial and deep
halves, similar to procedures typically used for analysis of in vivo
human MRI data28. Furthermore, a visual assessment of the relaxa-
tion time maps was performed for summary evaluation of the
relaxation times of cartilage in ACLT and CTRL groups.
Reference methods
Biomechanical properties of the samples were measured using
indentation testing29 with a plane-ended indenter of 1 mm in
diameter. The testingwas done in the apices of the femoral condylesand readout sequence. AFP ¼ adiabatic full-passage (180 ﬂip), AHP ¼ adiabatic half-
Pulse power
duration 4.5 ms gB1,max ¼ 2.5 kHz
tion 4.5 ms gB1,max ¼ 2.5 kHz
ck pulses between AHP pulses gB1 ¼ 1.0 kHz
9 ms gB1,max ¼ 625 Hz
, 8, 16, 32, 64, 128 ms, TR ¼ 5 s e
es, TE ¼ 4, 8, 16, 32, 64, 128 ms, TR ¼ 5 s, gB1 ¼ 4.35 kHz
n at 10 kHz offset gB1 ¼ 250 Hz
adiabatic T1r and T2r methods.
Fig. 1. MRI slice locations on the lateral and medial femoral condyles of New Zealand
White rabbit knees, view from the caudal surface of the condyles. Biomechanical
indentation testing was performed at the apexes of the condyles (C).
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using a high-resolution ultrasound system. Preconditioning was
performed with a cyclic 2% strain (four full cycles and 15 min
relaxation). A step-wise stress-relaxation test (ramp rate of 100%/s,
3  5% step, 15 min relaxation after each step) was performed to
determine the equilibrium elastic modulus of cartilage. Dynamic
elastic modulus was determined from sinusoidal tests performed at
a frequency of 1 Hz and amplitude of 4% of cartilage thickness.
Poisson’s ratios were assumed to be 0.1 and 0.5 for the equilibrium
and dynamic modulus calculations, respectively.
The depth-wise proﬁles of PG content and anisotropy of the
collagen ﬁbrils of cartilage in the samples were quantiﬁed with
digital densitometry (DD)30 and polarized light microscopy
(PLM)31, respectively. The sample processing for PLM and DD was
done as described before for patellae in the same joints32. Brieﬂy,
5 mm thick unstained sections with PGs removedwere prepared for
PLM, and for DD 3 mm thick sections stained with Safranin-O dye
which binds stoichiometrically to glycosaminoglycans (PGs). The
outcome of the DD measurement is the optical density (absor-
bance) of Safranin-O-stained section, which is directly proportional
to the PG content30, while collagen orientation and anisotropy can
be calculated from PLM using Stokes parameters31. Microscopic
sections were obtained at the site of MR imaging and biomechan-
ical testing (Fig. 1) from the medial and lateral femoral condyles
(four slices per condyle for both measurements). Safranin-O sec-
tions also underwent histopathological Mankin grading33. Abnor-
malities in cartilage structure, cell population, Safranin-O staining
and tidemark integrity were evaluated with scores 0e6, 0e3, 0e4
and 0e1, respectively, 0 indicating normal appearance. Finally, an
average of three observers was calculated for each group. The DD,
Mankin scoring and biomechanical measurement data of femoral
condyles are also reported in another study34.Statistical analyses
For MR imaging and biomechanical parameters, 95% conﬁdence
intervals were calculated. Statistical differences in the MR imaging
parameters and biomechanical parameters between ACLT and CTRL
joints were tested using non-parametric KruskaleWallis post-hoc
testing. The relationships between MR imaging parameters (full-thickness ROI) and biomechanical properties were studied using
Pearson’s linear correlation analysis by pooling the ACLT and CTRL
groups. Similar correlation analysis was performed between su-
perﬁcial ROIs of MR imaging and histological parameters measured
with DD and PLM (average values to 50% of cartilage depth). Sta-
tistical analyses were performedwith IBM SPSS Statistics 19.0 (IBM,
Armonk, NY). A P-value < 0.05 was considered statistically
signiﬁcant.
Results
Reference methods
Representative Safranin-O-stainedmicroscopic sections showed
differences in PG content in the superﬁcial part of the cartilage
between ACLT and CTRL joints (Fig. 2) for the lateral femoral
condyle. Small ﬁssures at the cartilage surface were noted in some
of the ACLT specimens (Fig. 2). Full-thickness cartilage erosion was
not observed in the ACLT group.
The PG content, as determined by DD, was signiﬁcantly reduced
in the superﬁcial cartilage of the ACLT joints. The PG loss reached up
to approximately 30% and 20% of depth for the medial and lateral
femoral condyles [Fig. 3(a)]. PLM showed signiﬁcantly increased
collagen ﬁbril anisotropy, an index for ﬁbril parallelism, up to a
depth of 30% of cartilage thickness in the lateral compartment of
the ACLT joints in comparison to the CTRL joints [Fig. 3(b)]. The
Mankin scores of the samples were signiﬁcantly different between
ACLT and CTRL groups (Table II).
The equilibrium elastic modulus was signiﬁcantly decreased in
the ACLT compared to the CTRL group joints in both medial and
lateral condyles (Table II). However, the dynamic elastic modulus
was signiﬁcantly decreased only in the medial femoral condyle of
ACLT group joints. The dynamic modulus also showed a decreasing
trend in the lateral compartment of the ACLT group, however, the
difference was not statistically signiﬁcant.
MRI
Different MR imaging parameters showed variable responses to
the ACLT injury in comparison to the CTRL group (Fig. 2). Prolonged
adiabatic T1r and T2r relaxation times were observed in the load-
bearing cartilage of ACLT joints compared to the CTRL joints.
Similar changes were also noted in CW-T1r and adiabatic DE-T2
relaxation time maps. No signiﬁcant differences were observed in
T1sat, RAFF and CPMG-T2. Often, banding artifacts were seen in RAFF
and CW-T1r relaxation maps of the cartilage (Fig. 2).
In ROI analyses, all relaxation parameters exhibited a trend to-
wards longer relaxation times in the ACLT compared to the CTRL
joints (Tables III and IV). Adiabatic T1r and adiabatic T2r relaxation
timeswere signiﬁcantly (P< 0.05) longer in the superﬁcial cartilage
of medial and lateral femoral condyles in ACLT compared to CTRL
joints (Tables III and IV). Statistically signiﬁcant differences were
also observed for the full-thickness ROI in these parameters.
Furthermore, adiabatic DE-T2 and CW-T1r relaxation times were
signiﬁcantly elongated in the superﬁcial cartilage in the lateral
condyles. Also, DE-T2 was signiﬁcantly elevated in the full-thickness
ROI of the lateral condyles. Differences between ACLT and control in
T2 measured with CPMG sequence almost reached statistical sig-
niﬁcance (P-value 0.07e0.08) in superﬁcial and full-thickness ROIs
of lateral compartment (Table IV). CPMG-T2 was found to be longer
than CW-T1r in most of the ROIs (Tables III and IV). No signiﬁcant
differences were found in the deep halves of the cartilage in the
medial or lateral compartments of the femur.
Highest signiﬁcant correlations between the equilibrium elastic
modulus and MRI parameters were found for adiabatic T2r, DE-T2
Fig. 2. Representative relaxation time maps of adiabatic T1r, adiabatic T2r, CW-T1r, RAFF, adiabatic DE-T2, CPMG-T2 and T1 saturation (T1sat) parameters in cartilage from the lateral
femoral condyles of New Zealand White rabbits. Safranin-O-stained microscopic sections reveal early OA changes in ACL transected joints with small ﬁssures and PG loss in the
superﬁcial part of the cartilage. This result can also be seen as elongated relaxation times in the blow-up features shown in the adiabatic T1r and the adiabatic T2r maps. Three-
millimeter labels indicate scale in the relaxation time maps and Safranin-O sections.
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Fig. 3. Mean (a) optical density, reﬂective of PG content, and (b) collagen anisotropy proﬁles for cartilage of femoral condyles of ACL transected (ACLT) and CTRL joints of New
Zealand White rabbits. Statistically signiﬁcant differences (P < 0.05, KruskaleWallis test) were observed in the superﬁcial part (0e20% in lateral and 0e30% in medial side) of the
cartilage with optical density, and 15e30% of the normalized cartilage depth of the lateral condyle with anisotropy.
J. Rautiainen et al. / Osteoarthritis and Cartilage 22 (2014) 1444e14521448and T1sat, in the range of 0.4e0.5 (Table V) in pooled data. For RAFF,
the correlation with the elastic modulus was not statistically sig-
niﬁcant. Signiﬁcant correlations with the dynamic elastic modulus
were observed for RAFF, CW-T1r and T1sat. No signiﬁcant correla-
tions were found between MRI and histological parameters
(Table V).
Discussion
In the present work, an assessment with multiple MR relaxa-
tion parameters was conducted to study the sensitivity of the
techniques to detect early osteoarthritic changes in articular
cartilage in an ACLT rabbit model 4 weeks after transection.
Qualitative and quantitative histology and biomechanical mea-
surements which were used as reference methods, revealed signs
of early OA in ACL transected joints, which included a loss of PGs,
ﬁbrillations of the cartilage surface, and reduced cartilage stiffness.
Adiabatic T1r and adiabatic T2r MR imaging techniques were suf-
ﬁciently sensitive to detect these changes in both joint compart-
ments of the ACLT rabbit knees. Parallel with ﬁndings of
quantitative histology, these MRI techniques detected tissue
degeneration at the superﬁcial half of cartilage thickness while the
deep part of cartilage was not signiﬁcantly altered. This ﬁnding
underlines the importance of zonal evaluation of articular cartilage
in quantitative MRI studies.Table II
Mean values and 95% conﬁdence intervals (lower limit, upper limit) of cartilage
equilibrium and dynamic elastic modulus, and histopathological Mankin score in
experimental (ACLT) and control (CTRL) group cartilages. P-values indicate the sta-
tistical difference between ACLT and CTRL groups
n ¼ 8 ACLT CTRL P-value
Equilibrium elastic
modulus (MPa)
Medial 0.61 (0.31, 0.91) 1.26 (0.95, 1.58) 0.010
Lateral 0.58 (0.31, 0.86) 1.12 (0.79, 1.45) 0.020
Dynamic elastic
modulus (MPa)
Medial 1.98 (1.59, 2.37) 3.51 (2.66, 4.37) 0.003
Lateral 2.86 (1.95, 3.78) 3.44 (2.44, 4.43) 0.442
Mankin score Medial 4.75 (2.98, 6.52) 1.38 (0.64, 2.11) 0.001
Lateral 4.50 (1.68, 7.32) 0.88 (0.19, 1.56) 0.005
P < 0.05 values are in boldface.The equilibrium elastic modulus was signiﬁcantly decreased in
ACLT compared to CTRL joints, indicating changes in PG content as
the equilibriummodulus is primarily determined by the static load-
bearing properties, which in turn are mainly associated with PGs35.
The PG loss was further conﬁrmed with DD. On the other hand,
dynamic modulus is principally dependent on the properties of the
collagen network35. Signiﬁcant changes in the dynamic modulus
were found only in the medial compartment, although there was a
trend of decreasing dynamic modulus in the lateral compartment
as well. However, PLM measurements did not reveal signiﬁcant
changes in collagen anisotropy in the medial compartment but
showed a minor difference in the superﬁcial cartilage from the
lateral compartment. These observations are in agreement with the
hypothesis that PG loss precedes collagen degradation in OA8,9.
The ACLT in rabbits provides a well-established and controlled
experimental model for early OA, and has been previously used in
many studies5,6,36. The anatomy of the rabbit knee joint resembles
that of the human knee7, and post-ACLT disease progress shows
similar features, but progresses much faster than human OA5. In the
present study, the reference methods and MR imaging indicated
that the OA changes were more severe in the lateral than in the
medial femoral compartment. The osteoarthritic changes, PG loss
and collagen network disruption were limited to the superﬁcial
cartilage and would be classiﬁed as early degeneration, also
conﬁrmed by histopathological Mankin grading. Gradual changes
in cartilage morphology in femoral condyles have been reported in
previous studies in rabbit ACLT models 4 weeks post-interven-
tion5,6,36. At 4 weeks post-ACLT, no full-thickness cartilage erosion,
a sign of advanced OA was observed in the present study or pre-
vious works.
In previous clinical studies, evidence of increased prevalence of
OA after an acute ACL injury has been presented in the lateral
compartment of humans4,37 as well as in the medial compart-
ment28,38 after 1-year follow-up. Similar to the present ﬁndings,
CW-T1rwere signiﬁcantly elevated at 3 weeks in the lateral femoral
condyles, but not the medial compartment in a rabbit ACLT model6.
At 6 weeks post-ACLT, both compartments had signiﬁcantly higher
T1r values compared to the control joint. However, there was no
clear histological evidence of the progression of OA6. In another
study, macroscopic evaluation of the medial compartment revealed
Table IV
Mean MR relaxation times and 95% conﬁdence intervals (lower limit, upper limit) in superﬁcial, deep and full-thickness ROIs of the lateral femoral condyle in control (CTRL)
and experimental (ACLT) group cartilages. P-values indicate the statistical difference between ACLT and CTRL groups
ROI (n ¼ 8) T1r,adiab (ms) T2r,adiab (ms) T1r,CW (ms) TRAFF (ms) DE-T2 (ms) CPMG-T2 (ms) T1sat (ms)
Lateral CTRL
Superﬁcial 75.4 (72.3, 78.5) 26.8 (25.1, 28.6) 19.9 (16.3, 23.6) 15.7 (13.3, 18.1) 22.0 (19.4, 24.6) 30.6 (26.9, 34.4) 345.6 (313.2, 378.0)
Deep 69.3 (65.3, 73.3) 19.3 (17.5, 21.1) 17.8 (14.6, 21.0) 12.0 (10.3, 13.6) 16.4 (14.4, 18.4) 20.6 (18.5, 22.7) 314.5 (299.6, 329.5)
Full 71.9 (68.4, 75.4) 23.0 (21.3, 24.7) 18.9 (15.7, 22.0) 13.8 (11.8, 15.8) 19.3 (17.2, 21.4) 25.5 (22.7, 28.4) 330.1 (306.5, 353.7)
Lateral ACLT
Superﬁcial 109.8 (67.1, 152.4) 44.9 (22.7, 67.2) 31.7 (24.3, 39.0) 16.4 (13.9, 18.9) 36.4 (21.1, 51.7) 57.6 (22.7, 92.6) 420.3 (298.7, 541.8)
Deep 80.8 (70.4, 91.2) 27.5 (17.2, 37.9) 23.1 (15.9, 30.3) 11.8 (10.6, 13.1) 22.9 (16.8, 29.0) 29.0 (20.5, 37.5) 348.4 (295.0, 401.7)
Full 94.5 (70.0, 119.1) 35.8 (20.5, 51.1) 27.2 (20.0, 34.5) 14.1 (12.4, 15.7) 29.6 (19.6, 39.6) 41.6 (23.4, 59.8) 381.5 (300.6, 462.3)
P-values
Superﬁcial 0.005 0.005 0.006 0.878 0.026 0.065 0.332
Deep 0.106 0.284 0.449 0.725 0.064 0.064 0.514
Full 0.006 0.049 0.064 0.720 0.014 0.082 0.505
P < 0.05 values are in boldface.
Table III
Mean MR relaxation times and 95% conﬁdence intervals (lower limit, upper limit) in superﬁcial, deep and full-thickness ROIs of the medial femoral condyle in control (CTRL)
and experimental (ACLT) group cartilages. P-values indicate the statistical difference between ACLT and CTRL groups
ROI (n ¼ 8) T1r,adiab (ms) T2r,adiab (ms) T1r,CW (ms) TRAFF (ms) DE-T2 (ms) CPMG-T2 (ms) T1sat (ms)
Medial CTRL
Superﬁcial 79.9 (75.7, 84.0) 26.3 (24.3, 28.3) 21.6 (15.9, 27.3) 18.5 (13.2, 23.8) 20.6 (18.4, 22.9) 29.9 (28.0, 31.8) 338.6 (306.2, 370.9)
Deep 70.9 (66.9, 74.9) 16.6 (15.4, 17.9) 17.7 (13.0, 22.3) 12.8 (10.7, 14.9) 15.5 (12.4, 18.7) 21.1 (18.3, 23.8) 312.2 (294.6, 329.7)
Full 75.6 (71.7, 79.4) 21.8 (20.6, 22.9) 19.7 (14.7, 24.8) 15.9 (12.0, 19.7) 18.1 (16.2, 20.0) 25.8 (24.0, 27.5) 325.4 (301.8, 349.0)
Medial ACLT
Superﬁcial 102.3 (79.8, 124.8) 37.4 (22.3, 51.6) 33.2 (22.9, 43.6) 19.3 (16.2, 22.5) 26.2 (16.5, 36.0) 39.3 (24.7, 53.8) 409.4 (337.9, 480.8)
Deep 76.8 (71.6, 81.9) 19.0 (15.8, 22.1) 24.4 (15.8, 33.0) 13.6 (12.0, 15.2) 19.8 (14.3, 25.4) 21.7 (17.0, 26.4) 336.9 (313.7, 360.0)
Full 88.6 (77.8, 99.5) 27.8 (20.6, 35.1) 28.7 (19.8, 37.5) 16.5 (14.3, 18.8) 23.0 (16.1, 30.0) 29.9 (22.0, 37.9) 374.5 (328.6, 420.3)
P-values
Superﬁcial 0.008 0.048 0.078 0.437 0.718 0.271 0.101
Deep 0.132 0.375 0.277 0.375 0.277 0.959 0.194
Full 0.015 0.039 0.165 0.578 0.508 0.330 0.086
P < 0.05 values are in boldface.
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studies are concordant with the present study in demonstrating OA
changes in the distal femur after ACL transection.
T2 measured with adiabatic DE was sensitive to the changes
observed in the lateral condyles while CPMG-T2 showed a trend for
elevated values but without statistical signiﬁcance. The increased
sensitivity of adiabatic DE-T2 measurement may be due to
improved robustness of the adiabatic pulses as compared to theTable V
Pearson correlation coefﬁcients with P-values between MRI parameters and equi-
librium modulus (Eeq), dynamic elastic modulus (Edyn), optical density (OD, reﬂec-
tive of PG content) and collagen anisotropy
MRI parameter r (vs Eeq) r (vs Edyn) r (vs OD) r (vs collagen
anisotropy)
Adiabatic T1r L0.392
P [ 0.027
0.299
P ¼ 0.096
0.285
P ¼ 0.114
0.133
P ¼ 0.468
Adiabatic T2r L0.424
P [ 0.016
0.264
P ¼ 0.145
0.293
P ¼ 0.104
0.126
P ¼ 0.492
CW-T1r L0.384
P [ 0.030
L0.436
P [ 0.013
0.250
P ¼ 0.167
0.217
P ¼ 0.233
RAFF 0.040
P ¼ 0.830
L0.350
P [ 0.050
0.311
P ¼ 0.083
0.138
P ¼ 0.450
DE-T2 L0.473
P [ 0.006
0.215
P ¼ 0.237
0.215
P ¼ 0.237
0.102
P ¼ 0.580
CPMG-T2 L0.427
P [ 0.015
0.225
P ¼ 0.213
0.278
P ¼ 0.124
0.118
P ¼ 0.519
T1sat L0.483
P [ 0.005
L0.407
P [ 0.021
0.200
P ¼ 0.104
0.129
P ¼ 0.483
P < 0.05 values are in boldface.hard pulse inversion train in CPMG preparation. Previously, T2 has
been associated with the integrity and orientation of the collagen
ﬁbril network and to the tissue water content. According to PLM,
collagen ﬁbril anisotropy was increased in the lateral compartment,
a ﬁnding that was also detected by DE-T2. Although T2 of articular
cartilage is known to depend on the orientation of the collagen
network with respect to the static magnetic ﬁeld, a phenomenon
known as the magic angle effect in cartilage12, the samples were
placed consistently such that differences between samples due to
the magic angle were minimized.
In previous studies, CW-T1rmeasurements were used to identify
early OA by measuring PG loss6,17,18,39,40. While the technique has
been successfully implemented on clinical MRI systems for in vivo
studies, the high SAR deposition values limit the clinical use of CW-
T1r to lowpulse powerswhichmay affect themeasured T1r values17.
In the present study, CW-T1r detected cartilage degeneration in the
lateral femoral condyle and exhibited elevated relaxation times in
the medial compartment. In the present study, adiabatic T1r and
adiabatic T2rwere sensitive to degeneration in both the medial and
lateral condyles. Similarly, adiabatic T1r and adiabatic T2r were
found to be more sensitive than CW-T1r in human OA samples in a
preliminary study41. The presentﬁndings are also in agreementwith
another recent investigation in which adiabatic T1rwas found to be
the most sensitive parameter to trypsin-induced changes in bovine
articular cartilage structure23, however, the degradation was much
more severe than the changes observed in the present study. It has
also been suggested that T1r is more sensitive in detecting early OA
thanT2-mapping techniques23,42e45, which is in agreementwith the
J. Rautiainen et al. / Osteoarthritis and Cartilage 22 (2014) 1444e14521450present results. The adiabatic T1r method covers a broad range of
frequencies owing to the properties of the RF pulse, which may be
the reason for improved sensitivity of this method as compared to
CW-T1r23. In addition, the banding artifact most likely caused by B0
inhomogeneities25 observed in CW-T1r as well as in RAFF maps
(Fig. 2) was absent in the adiabatic T1r data, further demonstrating
the advantages of using adiabatic pulses that are less sensitive to B1
and B0 ﬁeld variations. Typically CPMG-T2 approaches CW-T1rwhen
the inter-pulse delay approaches 0. This requires similar RF peak
power between measurements. However, in current measurement
of CW-T1r the RF peak powerwas onlyw1/4 of that used in CPMG-T2
measurement which may at least partially explain the unexpected
ﬁnding of higher CPMG-T2 values than CW-T1r values. Previously,
RAFF has been found to be sensitive to cartilage degradation23.
Unexpectedly, however, RAFF in the present study did not detect
cartilage degeneration. The present measurement setup was
slightly different compared to the previous work, including
different sample orientation, which may have contributed to the
observed differences between these two studies46. RAFF can be
implemented in a number of different conﬁgurations and may be a
potential biomarker after optimizing the technique for cartilage,
especially owing to its low SAR properties compared to other RFR
techniques47.
Previously, MT has been used to detect changes in the collagen
network, but the technique has limited sensitivity within the
physiological range48. In contrast to previous works, the orientation
of initial magnetization was changed in the present study to
improve the robustness of parameter mapping as opposed to the
conventional way tomeasureMT27. Nevertheless, the technique did
not detect tissue alterations in this sample population, although
there was a trend for elevated values in the ACLT group.
The correlations between the MR imaging parameters and the
biomechanical properties of the tissue were signiﬁcant, but only
moderate. Similar correlation coefﬁcients to those measured here
have been reported previously49. There were no signiﬁcant corre-
lations between optical density or collagen anisotropy and MR
relaxation parameters. This ﬁnding is in contrast to previous
study50, however the changes in the PG content and alterations in
collagen ﬁbril anisotropy were very small and limited only to the
most superﬁcial part of cartilage, leading to averaging in the ROI
analysis.
The RFR parameters have been reported to be sensitive to the
magic angle effect in cartilage, with the adiabatic T1r values being
the least sensitive to changes in the collagen ﬁbrillar network46,51.
Furthermore, CW-T1r has been found to be less sensitive to sample
orientation than T2, especially at higher spin-locking ﬁelds51. The
dependence on the exact orientation of the tissue may have
introduced random variations, although the samples were placed
carefully and consistently. Adiabatic T1r and T2r measured using
HSn pulses require relatively high peak pulse power to maintain
adiabaticity24, which may limit their usefulness especially at high
ﬁeld strengths, although these techniques have been used suc-
cessfully for human brain imaging in vivo at 4 T19,22. A further
limitation of study was that the power of the CW spin-lock pulse
(gB1 ¼ 1.0 kHz) was not SAR-matched with the adiabatic pulses
(gB1,max¼ 2.5 kHz, RMS powerw1090 Hz) which primarily affected
the comparison of CW-T1r and adiabatic T1r. Another technical
limitation was the relatively thin cartilage in rabbit knees and thus
only approximately 10 imaging pixels could be obtained along the
cartilage depth. This resolution, however, is similar to that achieved
in human studies on clinical scanners. All comparisons were made
between the ACLT and the CTRL control joints, which may not be
equivalent to normal, non-transected joints because of the altered
gait kinematics and kinetics, and thus, altered joint loading52.
However, CTRL joints have been used as controls in previousworks6,32. In addition, degenerative changes detected by the
relaxation parameters could have been even higher between
affected and healthy control animals, further emphasizing their
sensitivity. The ex vivo imaging of the specimens was performed at
ﬁeld strength of 9.4 T at non-physiological conditions, using very
high imaging resolution and, consequently, the techniques require
validation in vivo at clinical ﬁeld strengths.
The study demonstrated the usefulness of the ACLT rabbit model
in investigating superﬁcial changes that occur in early OA. MR
imaging indicated that rotating frame relaxation parameters could
differentiate experimental ACLT joints from CTRL control joints
more sensitively than conventional techniques. Quantitative MR
imaging techniques, particularly adiabatic T1r and T2r, were capable
of detecting early, superﬁcial cartilage degeneration in rabbit knees
4 weeks after anterior cruciate ligament transection, conﬁrmed
with quantitative histology and biomechanical testing. The results
of the present work encourage further investigation of the utility of
the RFR techniques as potential biomarkers for cartilage
degeneration.
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